We report observation of the supernova remnant IC 443 (G189.1+3.0) with the Fermi Gamma-ray Space Telescope Large Area Telescope (LAT) morphology located off the outer Galactic plane where high-energy emission has been detected in the X-ray, GeV and TeV gamma-ray bands. Past observations suggest IC 443 has been interacting with surrounding interstellar matter. Proximity between dense shocked molecular clouds and GeV−TeV gamma-ray emission regions detected by EGRET, MAGIC and VERITAS suggests an interpretation that cosmic-ray (CR) particles are accelerated by the SNR. With the high gamma-ray statistics and broad energy coverage provided by the LAT, we accurately characterize the gamma-ray emission produced by the CRs accelerated at IC 443. The emission region is extended in the energy band with θ 68 = 0.27 • ± 0.01 • (stat) ± 0.03 • (sys) for an assumed 2-dimensional Gaussian profile and overlaps almost completely with the extended source region of VERITAS. Its centroid is displaced significantly from the known pulsar wind nebula (PWN) which suggests the PWN is not the major contributor in the present energy band. The observed spectrum changes its power-law slope continuously and continues smoothly to the MAGIC and VERITAS data points. The combined gamma-ray spectrum (200 MeV < E < 2 TeV) is reproduced well by decays of neutral pions produced by a broken power-law proton spectrum with a break around 70 GeV.
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Of special interest for this study are the detections of high and very high energy (VHE) gamma 
20
The LAT data for IC 443 provide an exciting opportunity to study the interaction of an SNR 21 with the interstellar medium, cosmic-ray (CR) acceleration and subsequent injection to the Galactic Discussion is given in section 5 and the paper is concluded in section 6. 
Observations, Event Reconstruction and Gamma-Ray Selection

12
The LAT is a pair-conversion telescope where a gamma-ray is converted to an e + e − pair. Their 
Gamma-ray Selection
27
Gamma-ray candidates are defined in 3 classes on the gamma-ray probability, background In the survey mode the Earth limb, an extremely bright source of gamma-rays, comes near the 3 edge of the field of view. We have removed these gamma-rays with the reconstructed zenith angles 4 2 The PSF is significantly different for gamma rays detected in the front and back portions of the tracker described in this section: the first and second of the two values separated by / are for those detected in the front and back, respectively. We use θ68 and θ95 with superscripts psf , error and ext to quantify the PSF, source localization error and source extension, respectively. The integrated probabilities in the 2-dimensional angular radii of θ68 and θ95 are 68% and 95%, respectively. For a symmetric 2D Gaussian distribution θ95 is 1.62 × θ68. ananlyses. We refer to this set of events as the data set: the key selections described here are 15 summarized in Table 1 .
16
Events in the data set are binned in energy at 13 logarithmic steps of 0.184 starting from 
Analysis Procedure
21
The present analysis focuses on determination of the centroid and extension of the IC 443 con- We are currently developing an improved event classification procedure to retain higher effective area at lower energies and to reduce background contaminations in the entire energy range.
4 Available from http://fermi.gsfc.gov/ssc/data/access/lat/BackgroundModels.html, the Fermi Science Support Center url for the Science Tools.
Instrument Response Function
3
The spatial extension and spectral features of the gamma-ray emission are studied by com-4 paring the observation with predictions of source models. Predictions are made by convolving the 5 spatial distribution and spectrum of the source models with the IRF and the exposure for the 6 observation.
7
The IRF describes the overall performance of the instrument, event reconstruction and gamma-8 ray selection. In the Fermi LAT it has been formulated, before the launch, using an instrument 
12
The variation in the trigger rate results in variation in the fraction of the trigger-enabled time 
Extension Analysis with Sourcelike
20
The intensity distribution observed by LAT from the IC 443 region is shown in Fig. 1 The fit is performed for the entire data in the user-determined energy range. Absolute nor-1 malization of individual background components can be constrained or unconstained in the fit: we leave the diffuse emission model as one unconstained component and so are all bright sources in the 3 ROI in the Sourcelike fit. The difference in Test Statistic (TS) values between the best-fit Gaussian 4 distribution and the best-fit point-source which is 2∆log(Likelihood) gives a measure of statistical 5 significance of the extension. We refer to this difference as TS ext in this paper.
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The ROI is energy dependent in the Sourcelike: 15 • at 200 MeV and shrinks to a minimum 7 of 3.5 • at 50 GeV, which is at least a factor of 20 larger than θ psf 68 of the LAT at the same energy 8 and more than a factor of 10 larger than the spatial extension (θ ext 68 ) of the source to be determined 9 later. Table 2 .
17
The number of gamma rays in the fitted Gaussian distribution is 4972 for 200 MeV< E <1 GeV,
18
1597 for 1 GeV< E <5 GeV and 236 for 5 GeV< E <50 GeV. For a given PSF, the accuracy of cen-
19
troid determination is predicted to improve proportionally to the inverse of the square-root of the 20 number of events. The accuracy quoted in Table 2 is consistent with this prediction for the effective
21
PSF averaged over events in the energy bands 1 GeV< E <5 GeV and 5 GeV< E <50 GeV.
22
The difference in TS (TS ext ) between the symmetric 2D Gaussian and point hypotheses is Table 2 .
The two TSext values quoted are: the first one for that used in P6 V3 diffuse; and the second one for a worst-case PSF to be used later in section 5 to obtain a conservative systematic error.
The point source hypothesis is rejected at TS ext > 81 or > 9 σ independently in the two energy 4 bands and at TS ext > 212 or > 14 σ in the combined energy band. The extensions in the two energy 5 bands are mutually consistent within the errors given in Table 2 .
6
The radial profiles of event distribution around the centroid is shown in Fig. 2 for the low and 7 high energy bands together with the profile predicted for the point source hypothesis which is the 8 LAT PSF weighted with the spectral distribution of the events Sourcelike has associated with the 9 source under the point-source hypothesis. with the extension determined above 1 GeV and given in Table 2 . Hence we assume the same 2D
13
Gaussian distibution in the entire energy range. 
Spectrum of the IC 443 Contribution
15
The spectrum of the IC 443 contribution is fitted by the Science Tool gtlike, the Fermi standard 16 tool, as well as by Sourcelike. In gtlike, we have to assume a spatial template for all spectral 17 components included in the fitting. The data set is assumed to be a sum of three contributions:
18 the best-fit 2D Gaussian distribution given for the E = 1−50 GeV range in Table 2 
22
The fitted IC 443 spectra from gtlike and Sourcelike agree well within the total error. We 23 adopt the spectrum obtained with gtlike and tabulate in Table 3 . It is converted to the spectral have given centroids consistent with that given in Table 2. 14 The residual misalignment of the LAT and the star tracker can also contribute to the systematic 15 error: the source localization has been verified on orbit using bright point sources to ±30 arc-sec as Table 5 . 
25
The PSF used in this analysis has been derived on the detector simulation which was itself 26 verified in accelerator tests (Atwood et al. 2009). As gamma-ray statistics improves, the PSF will 27 be updated against measurement on bright point sources. In the present study, we have used a 
15
In GALPROP the Galactic CR proton spectrum depends on the radius from the Galactic Center 16 and the displacement from the Galactic Plane. The spectrum at the radius of IC 443 is ∼ 10 % 17 lower than that in the solar vicinity and has a power-law shape with index ∼ 2.7.
18
The Fermi SED is compared with those of EGRET MAGIC and VERITAS in Fig. 4 . The
19
EGRET spectrum is consistent with our spectrum except for their 3 GeV point. MAGIC and Since the source regions of Fermi LAT and VERITAS overlap within their respective uncer-23 tainties listed in Table 5 , we can judiciously proceed to fit the 2 spectra with one spectral model.
24
On the assumption that the distance is d = 1.5 kpc, the isotropic luminosity of IC 443 inte- 
37
In a hadronic scenario, the observed photon spectrum up to TeV energies can be well fitted
38
by an underlying pion-producing proton population with a broken power-law spectrum F p (T p ) = 1 5.9 × 10 −2 (T p /69 GeV) −α (10 4 M ⊙ /M gas ) cm −2 s −1 GeV −1 , where α is 2.09 ± 0.04 for T p < 69 GeV 2 and 2.87±0.07 for T p > 69 GeV respectively, and M gas is the gas mass in the interaction region. The 3 error (statistical) in the fitted break energy is ±25 GeV and the chi-square for the best-fit broken 4 power-law model is 9.6/14 per degree-of-freedom. Assuming the gas density (n cm −3 ) is uniform and
We include cosmic-rays and target nuclei heavier than the proton (the alpha particle and heavier nuclei) in protons throughout this paper. In the approximation we adopt here (Gaisser & Schaefer 1992), these can be accounted for by multiplying a nuclear factor (∼ 1.7) without changing the CR proton spectrum. The known gamma-ray producing particle processes which do not go through neutral pions (e.g., η 0 → γγ and direct photon production) contribute less than 1 % in the present energy range.
over at ∼ 70 GeV, secondary electrons and positrons can only contribute at energies E γ < 7 GeV. 
27
We discuss briefly about possible mechanisms behind the broken power-law form of the proton which the spectrum is assumed to cut-off exponentially. We have fitted the observed gamma-ray 38 spectrum with a single power-law, exponentially cut off proton spectrum to get chi-square per 1 degree-of-freedom of 30.3/15 much higher than 9.6/14 for the broken power-law spectrum. This 2 simple statistical test therefore suggests that the observed broad-band gamma-ray spectrum is 3 inconsistent with the simple DSA-based CR escape scenario which predicts a simple powerlaw with 4 an exponential cutoff in the proton spectrum. We also note that DSA has mostly been studied for 5 uniform gas densities around 1cm-3, while the gas around IC443 is inhomogenous and in various shocked molecular clouds around the remnant also denser.
Historically, after the discoveries of the EGRET source ( Based on the extension study described in subsections 4.1 and the spectral analysis described region (θ ext 68 ), leaving possibility that some or all of them contribute to the observed emission.
13
• The SED can not be represented by a single power-law but is consistent with a broken power-14 law with a break at E γ = 3.25 ± 0.6 GeV.
15
• The SED has a broad peak between a few 100 MeV and ∼ 5 GeV which is consistent with the total energy in the pion-producing protons is estimated to be (0.56 − 2.2) × 10 49 erg.
21
Higher statistics is needed to establish association or non-association of the gamma-ray emis- in individual sites will follow after such studies.
25
Fermi LAT is expected to accumulate needed statistics well within the planned mission lifetime.
26
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